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Subsurface transport of groundwater contaminants is 
greatly influenced by chemical speciation, precipitation, 
and sorption processes The transport of Pu potentially 
released from spent nuclear fuel disposal and storage sites 
will be dependent on its interaction with mineral surfaces 
and speciation in the subsurface The sorption of 
dissolved Pu(V1 on a natural zeolitic tuff that was equilibrated 
with synthetic groundwater was examined using synchro- 
tron-based microanalytical techniques The tuff contained 
trace quantities of smectites and iron and manganese 
oxides, which are present as fracture fill and pore space 
materials Synchrotron-based micro-X-ray fluorescence 
(SXRF) showed that Pu is predominately associated with 
manganese oxides (rancieite) and smectites but not with iron 
oxides (hematite) In situ micro-X-ray absorption near- 
edge structure (XANES) spectroscopy measurements on 
two highly enriched regions (-10 x 15pm2) of Pu indicated 
that the average oxidation state of sorbed Pu was (+VI 
in one region and (+VI) in the other The observed 
heterogeneous speciation of the sorbed Pu demonstrates 
the complex nature of this process Thermodynamic 
equilibrium calculations indicated that the solution was 
dominated by negatively charged Pu species (such 
as Pu0&03-), suggesting that sorption to the negatively 
charged manganese oxide surfaces would be energetically 
prohibtted Subsequent speciation changes upon sorption 
to manganese oxide surfaces are discussed 

Introduction 
Plutonium (Pu) is a key component of spent nuclear fuel 
that requires careful strateges for envlronmentally safe 

Corresponding author phone (803)725 7237, fax (803)725 3309, 

+ The University of Georgia 
t Los Alamos National Laboratory 
$ Argonne National Laboratory 
"The University of Chicago 

Brookhaven National Laboratory 

e mail martine@srel edu 

management and long term geologic storage One proposed 
disposal site is the lower portion of the Topopah Spnng 
Member of the Paintbrush tuff unit in Yucca Mountain (YM, 
NV) Studies on the redox and speciation chemistry of Pu in 
synthetic and natural waters suggest that Pu can be present 
in four oxldatioii states (111, IV, V, and VI) concurrently (I) 
The potential for coexisting valence states and the large 
differences in compiexation behawor and solubility of  these 
oxidation states make the enwronmental redox chemistry of 
Pu complcx The solubility and mob_ility_pf Pu in natural 
watersvarygreatly, with the Ill and IVvalences being notably 
more sorptive and less soluble because of  their high charge 
The higher valences of  P u O  and Pu(VI) are less charged 
because their free ions exist as dioxo moieties Pu(V)OLt 
and Pu(VI)OLz' (1-7) Under acidic conditions, P u O  ions 
disproportionate to Pu(lv) and Pu(VI) (I) However, Pu(W 
tends to dominate Pu speciation in  oxic neutral to basic 
natural waters and synthetic YM groundwaters (I, 8-10) 

Studies on the Pu sorption from solutions wtth known 
oxldation stdtcs on particulates tuff and tuff minerals, 
characterized soils and sediments and homogeneous solids 
such as clays and metal oxides, have been performed (2-4, 
7 9 11-16) The sorption of Pu (added as Pu(lV or v)) on 
iron oxides and marine sediment particulates is independent 
of ionic strength and irreversible, suggestingthat Pu sorption 
involl es inner-sphere or specific adsorption processes rather 
than ion exchange or outer-sphere processes (2-4) Specific 
adsorption behavior has bcen observed wth actinides on 
clay and rock minerals (7 13-17') Studies with dissolved 
P u O  show that Pu sorbs strongly to smectites and to 
manganese and iron oxyhydroxide minerals, which can 
mediate redox transformations (2, 7, I 5  16) Hence, the 
sorption of P u O  to redox reactive solids may involve the 
oxidation of PuW) to PuW) and the reduction of P u O  to 
Pu(lll and IV) (2-7 9-12) In synthetic Yh4 groundwaters, 
all oxidation states of Pu sorb on YM tuffs and synthetic tuff 
minerals, particularly on iron oxides (7,15) Thisissomewhar 
unexpected because neptunium(V) (Np) and uraniumw) 
(U) used as analogues of dissolved PUN) and Pu(VI) 
(respectively), sorb poorly on natural YM tuffs and tuff 
minerals (7, 15) The sorption of actinides on YM tuffs 
ennched wlth natural iron oxides was no greaterthan sorption 
to similar YM tuffs dcpletcd in natural iron oxldes suggesting 
that these oxides were possibly passive to sorption ( 7 )  Direct 
in situ spectroscopic measurements of the oxidation state of 
sorbed Pu species on surfaces are limited Some sorption 
studieswxh surfaces assume that the measured or predicted 
oxidation state speciation of Pu in soluttorns representative 
of the oxidation state of sorbed Pu (2,3,9,12) These indirect 
interpretations about speciation may not represent the 
oxidation-state speciation of sorbed Pu, particularly when 
the surface can influence the redox chemistry of the Pu 

This study investigated sorbed Pu (added as dissolved 
P u O )  on a natural heterogeneous material (tuffl using in 
situ spatially resolved synchrotron micro-X-ray fluorescence 
(micro-SXRF) and micro-X-ray absorption near-edge struc- 
ture (micro-XANES) spectroscopies These analytical methods 
complement ex situ surface characterization methods for 
spatially distributed sorbed Pu such as microautoradiogra- U 
phy We obtained information on the average oxidation state 
of sorbed Pu on tuff on a small spatial scale (about 140pm2) Z 

Micro SXRF spectroscopy can be used to produce images 
of elemental distributions on a microscopic level and 
therefore is an excellent technique for determining the 
microdistributions of sorbed Pu among vanous mineral 
phases in tuff material Once identified by SXRF imaging, 
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TABLE 1 lhermodynamtc Data fer 
Solaben Species a d  tbe 
girtribmon Percentages for 
Cmboute Water 

W Pu or Np species 
SpeCles Pw* UI groundwater ref 

PuO2+ NA 2 NA 
PuO~OHO pll-l,,,= 10-973 <1 22 
Pu0zC03- plol = 105 12 98 22 
N P G +  NA 9 NA 
Np02OHO /?I,-(,,,= lO-"J 8 23 
NpOz(0H)z- pi(-z,o = lo-" <1 23 
Np02C03- Pior = lo'= 74 23 
Np02(C03)z3- pi02 = WS5 9 23 
Np02(COoh5- pia= 106' (1 23 

nonapplicable 
.P~-IM~~,MMI~HIIL~'o~P.(-~, = IM.4OH)&,jlHIYLlMlqLY NA IS 

isolated regons of Pu enrichment may be probed wth micro 
XANES and extended-X-ray absorption fine stmcture (EXAFS) 
techniques Hence, measurements of the bonding enwron 
ment of particular species on indivldual mineral microphases 
can be made on these matenals In situ micro-XANES and 
-EXAFS techniques have been prewously utilized to study 
the local molecular bonding envlronments of metal con 
taminants in heterogeneous envlronmental systems on the 
micrometer scale (18, 19) 

Experimental Procedures 
Samples Tuff core samples were taken from the USW SD 9 
borehole at the 446 8-446 9 m depth at the zeolitrzed base 
of the Topopah Spnng Tuff at Yh4 This honzon has been 
identified as a posstble &mer to radionuclide transport 
wthin the proposedYM hgh-level waste repository site Core 
samples were used to prepare polished 30-pm thin sectlons 
(16) Scanning electron microscopylenergy-dispemive X-ray 
(SEMIEDX) analyses were conducted on the core material 
(CM) (16) The CM was also examined by quantitatrve X-ray 
diffraction (XRD) to determine the abundance of malor and 
minor minerals, trace minerals were identified and charac- 
tenzed by optical petrography combined w t h  SEM and XRD 
of hand-picked separates (16) 

Sorption Experiments. A synthetic groundwater 
(UE-25pl) (carbonate alkalinity of  1 1  mequiv L-I as NaHCOa 
and NaZC03, pH 8 9) representative of the deep carbonate 
aquifer below the proposed repository area was prepared 
(16) Water representative of the tuffaceous aquifer has 
been used in other studies, in some aspects, the carbonate 
aquifer may be more representative of unsaturated-zone 
waters mPlutonium(V) was added from a lo-' M PuO stock 
solution to the synthetic water to gwe a final concentration 
of M = P u O  (20) The lo-' M P u O  stock solution was 
prepared electrochemically and confirmed spectrophoto 
metncaUy (569 nm, E = 19 M-I cm-',2O) The thermodynamic 
speciation for P u O  and analogous N p O  species were 
calculated for the synthetic, Pu-containing groundwaterwth 
the computer program MINTEQA2, the Davles Equation and 
a modified database (Table 1,21-24) 

Two thin sections rrSl and TS2) were equilibrated by 
immersion in 20 mL of this freshly prepared synthetic 
groundwater in the dark for 24 h A third section (TS3) was 
equilibrated similarly, but for a 120-h penod and after the 
first 24-h equilibration, the solution was changed every 12 
h Followng equilibration, the thin sections were nnsed wth 
deionized water and allowed to dry in a r  Thin sectionsTS1 
and TS2 were used for microautoradiography studies (16) 
The activlty of sorbed zJ9Pu on TSl, TS2, and TS3 was 
determined by a methane gas flow propomonal counter 
Since the a-pamcles only penetrate 0 5  pm of rock, the 

quantification of the Pu concentration based on a-particle 
activlty was limited due to the sample geometry The ugPu 
achvlnes rn the solutions were determmed by liquid scintil- 
lation counhng for TS1, TS2, and TS3 before and after 
equilibration w t h  the samples Control studies using lod M 
ugPu solutions m the absence of a thin sechon were con- 
ducted in duplicate to determine the amount of container 
sorption The amount of sorbed Pu was calculated by dif- 
ference using the amount of L 3 9 P ~  activlty in the solution 
before and after equilibration wth the thin sectlon The calcu- 
lations accounted for container sorphon (1 4% of the total 
dissolved Pu added) 

In Situ Micro-X-ray Fluorescence Analyses. For the 
micro-SXRF studies, the synchrotron hard X-ray fluorescence 
microprobe (beamline X26A) at the National Synchrotron 
hght Source (Brookhaven National Laboratory, Upton, NY) 
was used w t h  a channel-cut Sill 11) monochromator (25) 
Microfocusing optics were used to produce a small X-ray 
beam A double elliptical Au-coated Kirkpatnck-Baez mirror 
system operated at a pitch of 5 mrad was used to focus a 350 
by 350 pmL monochromatic beam at the Pu LII absorption 
edge (18054 ev) down to a 10 by 15 ,urn2 beam, resulting in 
a total flux of about loio photons s-l (25-27) TSl and TS3 
were contained within fitted plastlc inserts wth  polypro- 
pylene and Kapton windows, placed in a metal frame and 
mounted on an automated, digital x-y-z stage at 45O to the 
beam Fluorescent X-rays were detected with a Si(Li) energy- 
dispersive (EDS) detector (30 mm2 area) mounted at 90" to 
the incident beam and about 1 cm from the sample Elemental 
mappings on TSl and TS3 were conducted using micro- 
SXRF spectroscopy at several areas, rangmg from 140 by 140 
p n 2  to 400 by400prn2 in size For elements wth  absorption 
energres below 18 5 keV, SXRF was performed by collecting 
20 s live counts in the elemental regions of interest and 
rastenng the sample in 3-10 pm steps in the x-y plane A 
thin film XRF standard reference material (SRM) from the 
National Instltutes of Standards and Technologes (SRM 1833) 
that contains known concentrations of Pb was used to make 
estimates of the Pu concentrations at highly locallzed areas 
on the tuff The Pu sensitivlty by SXRF relative to Pb was 
calculated using the software package NRLXRF (28) 

One complication was the inability to resolve the Pu La 
emission peak (14 28 keV) and the Sr Kaemission peak (14 17 
keV) wth  a SI(LI) EDS detector T h s  problem was circum- 
vented by malung two elemental maps of the samples one 
made wrth the monochromator energy below the Pu LII 
absorption edge (excites Sr fluorescence) and one made above 
the edge (excites Pu and Sr) and then subtracting the images 
to get the Pu distribution only 

In Situ Micro-X-ray Absorptlon Analyses For micro->(- 
rav absorption analyses, the X-ray microprobe descnbed 
above was used, and XANES spectra were acquired in 
fluorescence mode as the monochromator was scanned 
through the Pu LIII edge The XANES spectra were obtained 
for two -10 x 15 pmZ regions on TS3 that contained the 
greatest levels of sorbed Pu, as determined by SXRF map- 
ping region 1 (tnplicated) and region 2 (duplicated) The 
XANES spectra were collected from 50 eV below to 100 eV 
above the Pu LIII absorption edge in varyrng step increments 
from 0 4 to 2 5 eV Count times vaned from 10 s (Pu solid 
phases) to 240 s (regions 1 and 2 on TS3) per point 

The half-height of the edge step for the Pu LIll XANES 
edge energies were defined and normallzed to be 0 eV wth 
the most stable and characterized standard, Pu(W02(s), and 
were monitored wlth PuOz(s) before and after each sample 
A second standard was BasPu(VI)Os The PUOZ was made 
from highly punfied 242Pu oxlde matenal from Oak Ridge 
National Laboratory (Oak Ridge, TN) Upon receipt, the oxlde 
was high-fired at 1000 "C at Argonne National Laboratory 
(Argonne, IL) and analyzed by XRD to confirm its punty (29, 
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FIGURE 1 Back-scattered electron SEM image of a nmieite- 
unecttte zone in the core maenal-a surface morphology that 
resembles areas wrth elevated Pu sorption (scale bar, !iO pm) 

30) The Pu(VI) standard was synthesized in 1982 and 
characterized by dissolution in dilute acid followed by 
spectrophotometnc analyses of Pu oxidation states (31) The 
Pu(VI) standard was determined to be more than 99 7% 
PuW) with trace quantities of Pu(lV and V) and was stored 
in a sealed state in a drybox u n a  use 
An increase wth respect to the relanve XANES edge energy 

indicates an mcrease u1 the average Pu oxldation state in the 
sample or standard of interest For example, prmous studies 
have shown that a linear relationship exlsts between the 
fraction of U(VI) and U(IV) and the edge energy (18, 33) A 
relahonship between elemental oxldation state and edge (or 
pre-edge) energyvalues has been observed wth several non- 
actinide and actlnide elements, including Pu (18-20,29,32) 

Results and Discussion 
Solution Speciation Modeling. Owdation-state determina- 
Qons of Pu in waters show that PuW becomes the dominant 
ondabon state of Pu in synthetic and natural UE-25p#1 
groundwater from YM when the onginal source of Pu added 
was Pu(lV) (10) Hence, thermodynamic equdibnum calcu- 
lations that assumed Pu0 was the only oxldation state 
present dunng the exposure of the Pu to the tuff thin section 
were conducted The calculations predicted that the domi- 
nant P u o  species was PuOzCOa- (Table 1,21-24) When 
only one ondatlon state of Pu was assumed m the equili- 
brating solutlon, dCdatlOnS for waters containmg lod M 
Pu(II1, IV, or VI) predicted that greater than 90% of the Pu 
exlsted as negatlvely and neutrally charged carbonate and 
hydroxlde species (thermodynamic data from ref 24) For 
companson, N p 0  was used in the calculatlons because 
thermodynmc data for plutonium0 carbonate species are 
somewhat scarce and the thermodynamic database for llkely 
neptunium0 carbonate species is relatively more complete 
When N p 0  was assumed 111 the solubon, negatlvely charged 
neptunium0 carbonate and hydroxlde species were pre- 
&cted 

Characterization of TUB, Pu Sorption, and Microauto- 
radiography. Qualitative XRD results show that the CM is 
predommantly zeohtic (clinoptllolite 80 wt 96, smechte 2%, 
opal-CT 896, feldspar 796, quartz 396) Smectlte isolates from 
the CM contained the m e r a l  ranaeite (Ca,Mnz+)O 4M4+02 
3Hz0 An example of a smectite-rancieite association 

a 

b 

C 

Concentration 
FIGURE 2 (a) Photomicrograph of the manganese and iron oxides 
phases in area 1 (TS3) under reflected light (scale bar, 100pm) The 
silver-colored structure in the upper left comer IS hematite, the 
center area is a manganese oxide, and the surrounding features 
ara highly zeolitic Complementary micro-SXRF elemental map 
images of panel a showing spatially localized (b) Fe (c) Mn. and 
(d) Pu 

obtamed from the CM is shown in Figure 1 Rancieite is an 
isomorph of bmessite (Mn02 or Na4Mnl4Oz7 9H20) (34.33,  
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FIGURE 3 SXRF spectra taken at region 1 on TS3 

and some researchers consider its structure to be unknown 
(34) It is reported that rancieite has a hexagonal structure 
wth layers of octahedral IMn(lV)O~la- that are separated by 
interlayer Ca, Mn2+, and HzO (34,35) The XRD pattern for 
rancieite is slmdar to that of bimessite, but the d-spacings 
for some of the rancieite diffraction lines are slightly greater 
(35-37) Rancieite may be a layered mutture of decomposing 
busente (an isomorph of bimessite) and birnessite (34,37) 
More research on the structure of rancieite is needed 

Greater than 98% (about 10'' usPu atoms) of the added 
PuM was sorbed to TSl and TS2, and 92% (about 10l8 usPu 
atoms) of the Pu added was sorbed to TS3 More sorption 
of Pu on TS3 occurred because the equilibration of TS3 wth 
PuM-contaning solution was longer and the solution was 
changed every 12 h A longer equilibration of TS3 was 
performed because greater surface loadings of Pu were 
needed to obtain a suitable signal for Pu m the presence of 
a high Sr background, which interfered wth the fluorescence 
detection of Pu However, simdar a actiwtles were obtained 
for sorbed Pu on TSl, TS2, and TS3 (about 28-29 dpm x 
103) Microautoradmgraphy studieswth TS1 (data not shown) 
in combination wth optical petrographic and XRD tech- 
niques indicate that Pu sorbed more strongly to smectite 
and manganese oxlde fracture mnerals than to zeolites (16) 
hne-scan mappings of Ag m the exposed and developed 
microautoradiography emulsion wth SEM-EDX on TS1 
showed that Ag (preapitated by microautoradiography) was 
associated wth Mn and smemtes (16) Zeolites and smmtes  
(not including broken edge sites on smectltes) sorb by cation 
exchange or outer-sphere sorption processes whereas iron 
and manganese oxldes generally sorb ions ma mner-sphere 
or specific adsorption processes If significant sorption of Pu 
to zeolites or smectites occurred, one would anticipate outer- 
sphere sorption, but this was not observed m microauto- 
radiography studies, batch sorptlon studies, or in th~s study 
(7, 16) 

SXRF Analyses of Sorbed Pu on Tuff The two selected 
areas on TS3 contamed iron and manganese oxlde bodies 
that were present as fracture fill m e r a l s  m a predominantly 
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zeolitic region (Figures 2a-d and 3, data for the second area 
not shown) A SXRF spectrum for region 1 on the tuff that 
contained highly elevated sorbed Pu is shown in Figure 3 
Elemental mappings ofTSl (wth emulsion) andTS3 (wthout 
emulsion) showed that As, Ca, Ce, Ga, Nb, Pb, Sr, Ti, Y, and 
Zn (data not shown) are co-associated wth areas wth Mn- 
rich regions (Figure 2a-d) and not wth Fe On TS1, Ag was 
also correlated wth Mn Iron oxldes have strong affinities 
for Pu, but the hematite surfaces in this sample of tuff appear 
passivated and inaccessible to sorption-as observed in other 
sorption studies wth iron oxldes In YM tuff ( 7 )  This 
passivation may be due to surface coatings of sdica, carbon- 
ate, or possibly organic matter on the iron oxldes (38) httle 
work has been done wth these surface coatings on man- 
ganese oxldes, and it is not understood why the manganese 
oxldes are not equally passivated The data suggest that Pu 
and several elements are co-associated wth manganese 
oxlde-smectite associations and not wth hematite (Figures 
2b-d and 3) Rancieite from YM is often enriched in Ca, Ce, 
Pb, Sr, Ti, Y, and Zn, and these mappings concurred wth 
semiquantitative results from SEM-EDX studies wth ran 
cieite isolates from YM (39) With the excepnon of As, which 
is usually present in the envlronment as an anionic species, 
the elements associated wth the rancieite on the tuff exlst 
as cations (Ce3+"+, Ca2+, Ga3+, Nb4+, PbZ+, S$+, Ti3+, V', and 
Zn2+) in solution These elements may be interlayer cations, 
sorbed species, surface precipitates, and possibly isomor- 
phically substituted cations in the rancieite and smectite 
Usmg semiquanhtative SXRF measurements based on known 
concentrations of Pb in rancieite from YM and thin film 
standards, about 1 g of Pu (kg of tuff)-] was calculated to be 
present in the spatially localized regions of sorbed Pu (18, 
25, data on Pb concentrations in rancieite from ref 39) 

A lughly simplified approach was performed to calculate 
whether monolayer coverage of sorbed Pu on the manganese 
oxlde and smectlte was possible-based on20 mneral bodies 
(of birnessite and smectite) 0 0135 mm3 m slze (data not 
shown, rmneral surface data from ref 40) present on the thin 
section Rancieite phases were unavadable for surface 
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FIGURE 4 Pu-XANES spectra for the standards (Pu(IV) and (VI)) and 
regions 1 and 2 on the tuff demonstrating the edge energy shift wlth 
oxidation state at (he half-height of the edge step as labeled with 
an arrow The average edge energy for TS3 (region 1) IS slightly 
more than midway between Pu(IV) and Pu(Vl), which based on 
relatlve edge energy, would be consistent WIUI a Pu(V) species (20, 
ZJ) Small amounts (submicrograms) of Pu standards were encap- 
sulated in polystyrene for ease of handling and safety dunng the 
analyses 

measurements, so bimessite was used The estimated number 
of  surface sites present on these mineralswaswthin an order 
of magnitude of  the number of Pu atoms sorbed to TSl and 
TS3, suggesting that monolayer coverage of sorbed Pu is 
possible However, more detailed sorption and modeling 
studieswthavanety ofcontrolled conditions (pH, Pusolution 
concentration and surface coverage, etc 1 are needed to better 
characterue P u O  sorption on natural minerals in the tuff 
The specificity of h sorpuon suggests that multiple binding 
sites are present on the manganese oxlde-smectite phases 
Some specific adsorpuon may have occurred at broken edge 
sites on smecnte, as has been observed w t h  U W )  (17) 

XANES Analyses of Sorbed Pu on Tuff In the XANES 
analyses. the energy of the X-ray absorption edge increases 
w t h  increasing valence-a result associated wth reduced 
shielding of the core electrons This increase in the binding 
energy of the core levels is often manifested by systematic 
shifts in the preedge and bound-state features in a XANES 
spectrum, which can be correlated to differences in the 
oxldation state of a cationic center (18,19,25,32,33.41) The 
average fluorescence values for the XANES edge energies of 
the standards were 0 eV for h ( W l  and +3 0 eV for PuW) 
(Figure 4) These analyses compared well w t h  edge energy 
shift values from XANES studies of solutions and solids wth  
known Pu oxldatlon states (20,29) and stu&es usmg solutions 
and solids of U(W and U(VI) (18,33,41,42) The relanve Pu 
edge energy shlft for Ts3 on regon 1 ranged from +13 to 
+2 0 eV, w t h  a mean value of 1 7 f 0 4 eV This corresponds 

to an average oxldation state of mostly +V Sorbed h at 
region 1 may be present on the manganese oxlde-smecnte 
surface as P u O  or a mmture of Pu(N and VI) (Figure 4) At 
region 2 on TS3, the relative edge energy shlfts were +2 6 
and +3 4 eV (a mean of 3 0 f 0 6 em, which IS mdicative of 
pnmarily Pu (VI) (Figure 4) Similar results were obtamed for 
a least-squares method for fitting the XANES data wth  an 
arctangent function and a Gaussian function where the edge 
was defined as the inflection point of the arctangent function 
(20,291 

Post-edge structural features associated w t h  mulnple 
scattering resonances, prowde qualitative information on 
the nearest neighbor coordination and bonding envrron- 
ment tor example, actinidew and -(VI] solution sp-cies 
usuallv have axial 0 bonds such as the NpOOz+,  PuOO*+, 
PU(VI)O~~+,  and U(Vl)OLL+ ions (20, 43). and these species 
tend to have post-edge resonance spectral features that 
resemble a "shoulder" on the high energy side of the main 
absorption feature or white line However, the post-edge 
spectra for sorbed Pu on regions 1 and 2 on the tuff lack this 
shoulder There arc several possible explanations for the 
absence of this feature First, the height of the white line may 
have diminished the contribution of the multiple scattenng 
resonances to the post-edge spectra Second, the sorbed Pu 
at region 1 may emst as Pu(lV and VI) or Pu(IV, V, and VI) 
wth the XANES post-edge spectral features representing an 
average of these oxidation states In this manner, the overlap 
of the spectra for these possible oxldation states could result 
in a broadened shoulder feature Third, the absence of the 
shoulder could be a result of the bonding geometry The 
absence of a shoulder has been observed for sediments wth 
mostly U(VI), sediments containing recently oxldmd U(IV), 
uranates and UM containing glasses (41 42, 44 45). and 
it has been attributed to lengthening of the m a l  acnnide-0 
bond (20 45) The axlalo bond distance observed for U(VI) 
in schoepite in aequeous solution is 180 A at pH 7 and 
lengthens to 1 86Aat pH 11 when the formation of uranates 
(which contain UWI). such as Na2UO.) i s  favored (45) The 
presence of a post-edge resonance feature in the XANES 
spectra cannot be used as an indicator ofVand VI oxldation 
states for Pu and U (41 ,  44, 45) This feature is more related 
IO the bonding and coordination envlronment around the 
actinide atom (41 45) The influence that coordination 
geometry (such as the absence of axla10 bonds) may have 
on the XANES edge energy values is worthy of investiga- 
tion The relative XANES edge energy value that we ob 
tained for our PuW) standard, which does not have axla1 0 
bonds compared well with that obtained for solution Pu(VI) 
species which do have axial 0 bonds This finding dem- 
onstrates that oxrdation state rather than coordination 
geometry is the dominant factor influencing theXAN-ELedge 
energy 

One of the main results of this work is that sorption of Pu 
to tuff is primarily at manganese oxide and smectite bodies 
wth subsequent heterogeneity in Pu oxidation state Regon 
2 has been interpreted as containing Pu(VI), requinng some 
mechanism to oxidize the solution PUN, One possibility 
is an electron exchange process between Po and Mn The 
Mn(W (in rancieite) may have oxldized PUN, to Pu(VI) 
becoming reduced to Mn(ll1) or, in the case of  excess P u M ,  
toMn(l1) in the process The manganese oxldes can promote 
the oxldation of  many transition metals (38,46) The average 
zero point of net charge values for rancieite are unknown 
but are about 1 5  for birnessites, indicating that they are 
highly negatively charged (34) The preferential sorption of 
Pu to manganese oxldes that are dominated by negatively 
charged sites suggests that positively charged Pu species 
are attracted to the tuff surface Thus, the calculated 
equllibnum speciation for dissolved Pu species is not 
representative of the distribution of sorbed Pu species on 1.. 
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the surface, and it cannot provlde conclusive mterpretations 
about the redox behawor of sorbed Pu The speciation of 
sorbed Pu on surfaces should be more lnnuenced by sohd- 
water mterfacial processes than by the equrlrbnuni speciatlon 
of dissolved Pu 

Fundamental expenments on redox reamons wth sorbed 
Pu on natural manganese oxldes are needed to further in- 
vesngate these findings Such research needs to be system- 
atically conducted wth Pu on a vanety of charactenzed 
homogeneous mineral surfaces (for example, on vanous iron 
and manganese oxrdes) in a variety of waters The invesQga 
hon of Pu sorpaon on homogeneous surfaces would comple- 
ment other research wth natural heterogeneous solids 
Moreover, the applicaaon of nondestruchve m situ speciation 
methods such as micro-XANES. -EXAFS,-Raman, diffuse- 
reflectance micro-mfrared, and possibly electron energy- 
loss spectroscopy of sorbed Pu on these hnds of surfaces 
should elucidate the mechanisms of Pu-surface interacnons 
However, the application of many in situ micro-spectroscopic 
techniques to thecharactemtion of Pu sorption on natural, 
heterogeneous systems is at the preluninary stages of de- 
velopment Although the oxldation state information pre- 
sented is not entirely conclusive for regon 1 on the tuff, the 
results invoke progressive questions about Pu sorption 
chemistry at the natural solid-water interface For example, 
we observed that Pu was not sorbed strongly to iron oxrdes 
in this natural system A thorough investigation of this 
phenomenon is needed Additional spectroscopic mforma 
tion on sorbed Pu at homogeneous surfaces and in muted 
phase systems would benefit our understanding of Pu 
sorption processes 

In conclusion. the spatial distribution and the XANES 
spectra of sorbed Pu demonstrated that Pu is sorbed strongly 
and preferentlally to manganese omdes and not to uon oxrdes 
or zeolites rn th~s YM tuff Locallzed reaons of Pu ennch 
ment were idennfied wth variable average Pu omdation state, 
P u O  and PuW) Without the use of the microprobe, these 
observations would not be possible Our findings mdicate 
that the study of Pu sorphon on heterogeneous redox reac- 
tlve surfaces is a function of the enwronment at the 
heterogeneous solid-water interface rather than of the 
soluhon speciahon 
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